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SUMMARY

Static and cyclic end-notched flexure (ENF) tests were conducted on three
materials to determine their interlaminar shear fracture toughness and fatigue
thresholds for delamination in terms of limiting values of the mode II strain
energy release rate, GII’ for delamination growth. Data were generated for three
different materials: a T300/BP907 graphite epoxy, an S2/SP250 glass epoxy, and
an ASU/PEEK graphite thermoplastic. The influence of precracking and data
reduction schemes on the mode II toughness and fatigue behavior are discussed.
Finite element analysis indicated that the beam theory calculation for GII with
the transverse shear contributicon included was reasonably accurate over the
entire range of crack lengths. However, compliance measurements for the three
materials tested, and the variation in compliance with crack length, differed
from the beam theory predictions. For materials that exhibited linear load-

deflection behavior, values determined from compliance calibration

GIIC
measurements provided the most conservative and accurate estimate of the
interlaminar shear fracture toughness. Cyclic loading significantly reduced the
eritical GII for delamination. A threshold value of the maximum cyclic GII below
which no delamination occurred after one million cycles was identified for each
material to guantify the degradation in interlaminar shear fracture toughness in
fatigue. In addition, residual static tcughness tests were conducted on glass
epoxy specimens that had undergone one million cycles without delamination.
These residual static rests, and the initial static tests on the tough ASL/PEEK

graphite thermoplastic, exhibited nonlinear load-deflection behavior. For these

cases, the load at deviation from nonlinearity was used to determine the

interlaminar shear fracture toughness. A linear mixed-mode delamination criterion




was used to characterize the static toughness of several composite materials;
however, a total G threshold criterion appears to be sufficient for
characterizing the fatigue delamination durability of composite materials with a

wide range of static toughnesses.

NOMENCLATURE

Ai Parameters determined from fit of compliance calibration data
(i=0,1,3)

a Delamination Length

b Beam width

C Flexural compliance of ENF specimen

CO Flexural compliance of uncracked ENF specimen (a=0)

CSH Flexural compliance calculated from beam theory including the
contribution of transverse shear

CgH Flexural compliance of uncracked ENF specimen (a=0) including
the contribution of transverse shear

E1} Axial modulus of lamina in fiber direction

Ef? Axial moduius of lamina calculated from compliance measurement in
three point bend test

E?? Axial modulus of lamina measured from tension test of ENF specimen

E22 Modulus of a unidirectional lamina transverse to the fiber direction

G]2 In-plane shear modulus of a unidirectional lamina

13 Transverse shear modulus of a unidirectional lamina
3 Total strain energy release rate for delamination growth
Cc Critical value of strain enecrgy release rate for delamination onset
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II
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SH
II

FE
II
IIc

CC
IIc

CCSH
IIc

SC
Ilc

SCSH
IIc

IIth

Threshold maximum cyclic G for delamination onset in fatigue

Strain energy release rate for delamination growth due to
interlaminar tension, mode I

Interlaminar tension fracture toughness

Strain energy release rate for delamination growth due to
interlaminar shear, mode II

Mode II strain energy release rate as calculated by beam theory
Mode II strain energy release rate calculated by beam theory with
transverse shear contribution

Mode II strain energy release rate from finite element analysis
Interlaminar shear fracture toughness

Critical mode II strain energy release rate at delamination onset
calculated from compliance calibration measurements

Critical mode II strain energy release rate for delamination onset
calculated from compliance calibration including transverse shear
Critical mode II strain energy release rate for subcritical
delamination growth

Critical mode II strain energy release (including transverse shear)
for subcritical delamination growth

Threshold maximum cyclic GII for delamination in fatigue

Beam half-thickness

Beam half-span

Qut-of-plane load _Ancesston For
NTIS CRA&I w
Critical load at delamination onset DTIC TAR ol
, Unanncuaced M
Load at onset of non-linear behavior ClasuiTrcaticm s L e

Ratio of minimum to maximum cyclic load

Cartesian coordinates




Center point out-of-plane displacement
Critical center point displacement at delamination onset
Coefficient of sliding friction for the delaminated ENF specimen

Poisson's ratio of a unidirectional lamina
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INTRODUCTION

Delamination failures commonly occur in highly loaded composite structures.
Cne of the predominant loads experianced Dy many composite structures is
interlaminar shear. Several tests hive been used to calculate interlaminar shear
strengih of composites, but =« 1 of tn2m have severe limitations [1]. Perhaps the
most popular of these tests s the short beam shear (SBS) test, which ccnsists
»f a small unidirectional 20upon ioaded in three-point bending. Attempts have
oeen mide nO generate interlaminar shear S-N curves for composite laminates
noing this S25 test [2]. However, snort beam snear test specimens often fail in
a mode different than int-rlaminar shear [3). Furthermore, the interlaminar
shear 5-N data generated by the 0BS5S test may not represent the generic material
wehavior, and hence, may not be appiicable to composite structures of differing
Liaguns and thiownesses ool

In order t¢ ass»ss ~he deelamirnation durability of composites under cyolic
se4ds, Lests for interlamirar friaciure toughness have been conducted to
deveemroe fatigue throctolds for delamination in terms of limiting values of the
3 raln enoergy reiease rate, G, 33sociated Wwith delamination growtn LH-8].
Hocaugse Lrese faltigue theesiil s are calaulated tn terms of G, they represent
goneri o omater:al behavier that s independent of the composite layup or
grometey . Tne end-not o ned flexyre (ENF) test was recently developed and
eyiiiganed tor measuring the interlaminar shear fracture toughness, GIIC' of
comps3i e materials (9-20 . Thas BNF o test consists of a 24-ply unidirectlonal
oers (o ted cn threcspoint bendiow il ') . The specimen contains an insert at

thiee meoasplane of one —ond t o simalate o initi ol dalamination. The crack tip 1o

PRT, .



extended beyond the front of the insert before loading to obtain a sharp crack
tip. The load measured at the onset of delamination from the precrack is

substituted into an analysis for G to calculate the interlaminar shear

11
fracture toughness, GIIc' In this study, several techniques previously proposed
to calculate GII were evaluated and compared.

In a previous study [12] the static ENF test was shown to be useful as a
means of screening various materials for improved interlaminar shear fracture
toughness. In this study, both static and cyclic flexural loading was applied to

tne beam to generate interlaminar shear fracture toughnesses, G , and fatigue

IIc
thresholds, GIIch’ for glass-epoxy, graphite-epoxy, and graphite-thermoplastic
materials. Cyclic loads were applied by means of a roller support fixture
(fig.2). This fixture allows the specimen to rest on two pins or rollers, which
are mounted on ball bearings, while the load is applied to the center of the
specimen by another roller (fig. 3). Interlaminar shear fatigue thresholds were
compared to GC tnresholds for mixed-mode delamination generated from cyclic edge
delamination tests., A delamination fatigue failure criterionis proposed based on
trhe delamination fatigue thresholds measured from a variety of interlaminar

fricture toughness tests.

MATERIALS

Unidirectional panels with midplane inserts were manufactured and cut into
ENF test specimens for three materials. Test spccimens of S2/SP250 glass-epoxy
were manufactured, from prepreg supplied by the 3M company, by Bell Helicopter
Textron under NASA contract NAS1-18199. Test specimens of T300/BP907 graphite-
epoxy were manufactured at NASA Langley from prepreg supplied by American

Cyanamid. Test specimens of ASH/PEEK were cut from panels manufactured by

T e Tt T TN T p Y e AN e
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Imperial Chemical Industries. All test coupons were approximately six inches
long by one inch wide and 24 plies thick. The average ply thicknesses for the
T300/BP907, ASY/PEEK, and 52/SP250 were 0.0063, 0.0052, and 0.0095 inches,
respectively. Table 1 lists material properties, average ENF specimen

thicknesses, 2h, and fiber voiume fraction, V_, mcasured for the three

P
i

materials. The axial moduius tn the fiper direction, was measured from

E
11!’

tension Logts on vthe HEeniy oNEFE spreimens. Tae transverse modulus, 822, shear

moauius, G. ., and Poissonts roatlo, v, ., were mezsured from 90°, +45°, and 0°

1

o

tension tests. The Cioer vo.dare ractions of the materials were calculated from
tnc fiber areal weight of the proepreg divided by the product of the fiber
Saioity and e L oorage 2l thlo«<neos gmeasured for the ENF test specimens. The
ceoystalline oercenviage 0 wne AZG/PEEK compositles was 24%, as determined by wide

angle -y scatbterio g 0.

TEST PROCEDURES
Py “;an
Oraayd us sLudess nave indioatoed tnat ;Y[ values measured in tho ENF tost
e

LyoLre hagating A4 orana from Bhoeoinsert, i.e. measured without a precrack, ~ill

studles have indicated tnat the

<
¥
—
N
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Dowent o valaen L O were measurssd whee oosharp precrack was grown from the
inoort hefar e Pt Looad oW anplied [10,14-20' In this study, three
e TaCKIng teann. paen oo eds The first techniquer was to clamp tne speimen

Atr g M Wl slie s o vt of tne insert, and tnen wedge the crack surfacos

el Gnt il r Laary e« formed ol grew Lo the clamp. This created a tension
oo Ty ’ AL T el i ple was Lo o move Lo specimen in the threo
7
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point bend fixture so that the initial crack length was nearly equal to the
half-span length, i.e., the end of the insert was close to the center roller.
The specimen was then loaded in three point bending to propagate the crack from
the end of the insert to a position under the center roller. This produced a
shear (mode I1) precrack. Then the specimen was positioned in the test fixture
to the desired initial crack length and tested. The third technique was
identical to the second except that the precrack was grown at a relatively high
cyciic load, requiring relatively few load cycles, and then was repositioned and
tested under a static load. The advantage of the last technique was that

tne straightness of the delamination front could be confirmed after the test by
examining the fracture surfaces.

As wiil be

]

shown later, the static shear precrack was used to generate the
majority of the test data. By using this approach, the GIIc and cyclic Gth
valu~s obtained were reprosentative of the interlaminar shear fracture
Loughness, and fatigue tnresnold for delamination growth, due to interlaminar
shedr suvresses at the tip of a delamination that was created by large
tnreriaminar shear stresscs. These large shear stresses could have developed
ducing o nign ioad that the structure experienced during its lifetime. Previous
Teo0n o composite fatigus suggests that it is the high loads in the spectrum
tnat are tne most damaging in terms of creating delaminations, and subsequent
redguctiong o residual strengtn and Life. Therefore, the common practice used
Coromerals of coaxing 4 precrack by applying blocks of low cyclic loads over

Tany oocyeres Wi not o adopted. The tension precrack was not used, even though (it

because it was assumed that

may yoold slightly more eonservative values of GII“'
A

i€ a4 pure shedr stross state existed at the delamination front, then the stress

state 1 the materisl “hat created the delamination must have also been pure
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Crack Length Determination

To locate the crack, thesides of the graphite composites were painted wnite

Wwith water-scluble typewriter correction fluid. The glass composites were
transiucent, and therefore did not require an ernhancement of tne edge t. locate
tne ~2rack tip., Figure 2 shows the graphite and glass composites as they appeared
when 1oaded in the throe point bend apparatus. The initial crack length was
measured from the centerline of the right-hand roller to the end of the crack
before testing. The averags of Lne crack length measurements from poih sgecimen
edges was used in the ¢ata reduction £¢ minimize error associated with an uneven
precrac<. This race length measursement could sometimes be verified after the
test by spiitting the laminat=z into two pieces and observing tne difference
Letwen the praecrack fraciure surfacs and the fracture surface caused bty the
threc psint bending. For example, [igure 4 shows the change in fracture surface
appeariance for two ASHUPEEK compnsites that either had 2 static mode [ precrack
4an4d was then cycled in mode 11, or had 3 cyclic mode I1 precrack and was then

pced o gtarteally oo omode (DL Tne static and cyelice shear fraciure surfacez nave
mar<edly different appearances, Which allows an accurate determination of

ALt i racd dengtn fronm tne end of the precrack o Lhe imprint of the support

v ~ RS
) N N P BN ]
Proocogewed ENE O spe clmens woerse positioned in the tnree-point bending

fixture to tne desired {nivial ocrack length., The fixture had D.0o-in. doam ter

ateel vods, suaopoortedl By oannglar tall o oearings eoncaSod 1n o alamitum o cnanne i s

9
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each end, that applied the loads across the specimen width. In addition, the
fixture had a degree of freedom cut of the plane of the test specimen due to
additional pinned joints bpetween tne cross heads and the rollers. This extra
degree of freedom assur=d uniform loading dacross the width of the laminate for
all three rollers. This combination of lcading pins and annular ball bearings
created a frictionless rolicsr system ensuring simple support conditions for both
static and cycliz inaiing. However, because the ENF specimen was precracked

on aone side only, tre eformation wis osymmetric under thne applied loading.
Hence:, small s:de foroes ~ould govelop causing the specimen to shift on the
rollers during “n- L.s5%. To prevent this from occurring, a small restraining bar
w3 Aattacned Lo thne figture at btoe aneracksd end of the specimen (fig.2-3). This
restrainlng buar o Adas fresowo o move witn the specimen as it deflected.

ALY tests woers conaatted Wwitn o oa span iength of three inches, 1.e. L=1.5
irones i Tig.t. Loads Jore appriad using 1 servo-hydraulic test stand in stroke
4t 4 rate of D01 in./min. until the delamination grew. Thne delamination
gricvi Loz opeint o immed; iy undor the center 1nad point for most crack lengtihs
tested, Soame specimens wers repositioned Tooa new erack length to yield
sdiitional Lodenness valcdees Proe U Soane specimen, Center point displacoements
wers measured Wwith a direct current ifferentisl transducer (DCDT) whose rod was
sapperied By ow o spring o oW o 1

gz, Thie load-displacement senavior of

o8

thne specinen and applicad load versus miehinge sirok? were plotted on an x-y-y'
cecoprder s Typiond Viad-disple ement resalts Cor the thres materials tested are
ancwWn in fleure 5. The load-ldisplacement plots were linear for the glass-epoxy
Taminatcn, silgntiy noa-linear {for the graphite-epoxy iaminates, and

3

Sivailfioantly non-linear for Lne graphite-tnermoplactic laminates.

10
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Fatigue Tests

Precracked ENF specimens were positioned in the three point bend apparatus
to the desired initial crack length. Specimens were loaded statically in stroke
control to tne mean load, and then cycled sinusoidally at a frequency of 5 Hz.
at a maximum constant lcad amplitude corresponding to an R ratio of 0.1,
Specimens were cycled until the onset of stable delamination growth was detected
by a combination of visual observation and a drop off in the cyclic load at a
constant cyciic stroxe. The number of cycles to delamination onset was recorded,
and the specimen was reloaded to the mean load to record the compliance at the

new Crack lengtn.,

Residual Static Tests

Several 32/5P250 glass-epoxy lLaminates were tested statically after
undargoing 106 or maore cycles at low cyclic loads below the tnreshold for
delamination growth. The procedure used for these tests was identical to the
procedure uscd for the initial static tests. The locad-displacement ploils were
nonlinear for these residual static tests, similar to the initial stat{c tests

on AS4/PEEK.

Compliance Calibration

Two precrazyd BF specimens of each material were placed 1n the threo-
point-nend Apparatus repeatedly, to simulate crack lengths ranging from a=0 to

a=L, by shifting the positinn of the specimen in the three point bending
’ =3 I3

11




apparatus and thereby changing the distance between the right end roller and the

delamination front. At each unique delamination length position, the specimen
was loaded high enough to obtain a load-deflection plot but without extending

vhe delamination. The slopes of the load-deflection plots were measured to obtain

a record of specimen compliance as a function of crack length.

ANALYG LS

Several teonnigues have oeen proposed for calculating GII in the ENF
specimen. Inotnaia section, these techniques will be outlined and compared. In
Sal 2 Juent senrtions, tne BENF O test data will be reduced using several of these
metnaods and compared. Finally, based on the observations from this study,

part Ly rilar 1ata reduction techniques will be recommended.

e

Frgure 7 snows the ENF specimen configuration where L is the half-span
WLEr, 0 ts the Laminite thickness, b is the laminate width, P i1s the applied
ti, AT 03 tne it il elaminetion length o as defined by tne distanoe

et et tee Segd suppert and whne delamination front. A tiased-form equation for

St reerymy e Leoane oty gan oot ed Wit deiamination growtn due to
cnterlaminar Snear wan der . vel o referen s [YD for *hrs test using linear beam
vy U3 AN ELYS LY el el
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q
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N GII = 3 3 (1)
x 2b(2L" + 3a”)
A
vy
’l
; - where C is the flexural compliance definea as the ratio of the center point
"
" deflection, &, to the applied lcad, P, and derived from the linear beam theory
5 as
5 213+ 333 g
2 C = T E (2)
-,
- Substituting eq.(2) into eq.{1) yields the following equation for GII in terms
N of the axial modulus, EH
M
q
1
Yo 2 2
t BT P~ =
- 67 - 9———“—2-—§ (3)
16E]1b
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Transverse Shear and Friction Contribution

The weam theory equations may be modified to include the influence of transverse

snesr deformation [148) wnore
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G (1 + 0.2(E, /G )(h/a)? ) (5)

I 2p(2L3 3a%) "3

For transversely isotropic materials, the transverse shear modulus, 013, is

assumed to be equal to the inplane shear modulus, G, .. For shear compliant

12

materials where El is high, or for thick beams, the contribution of the

1/013
shear deformation terms may be significant. Also, eq.(5) indicates that for
any material and span length, the contribution of transverse shear will be the
greatest for the shorter crack lengths.

The contribution of friction to crack growth retardation has been estimated

previously [14]. Friction decreases the energy available for crack propagation

such that

2
Cppfw) - G?? ) 12_2_2—3 (©)
4E . b"h”
11
where uo s the coefficient of sliding friction for the fracture surface. For
reasonable values of u, the reduction in GIIC after including the friction

contribution was found to be only 2 to 5% for graphite composites with typical
test coupon geom=tries [14]. No attempt was made in this study to quantify u or
its infiuence on G, .

I

Compliance Calibration Method

An alternate method for determining G is the use of a compliance

I[Ic

calibration curve., An experimental curve of normalized compliance, C/C0 (where C

is the compliance 13 measured by beam theory (eq.2) and CO is the compliance for

the beam with no crack) versus normalized crack length cubed, (a/L)3, can be

14
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constructed using the technique described earlier. A linear regression fit of

the data yields

- . 3
C/c0 = A0 A3(a/L) (1)

where A3 is the slope of the line fit to the data and AO is the y-intercept.

The linear beam theory would yield A, =1 and A_=1.5. G by this approach is

0 3 IIc

obtained by differentiation of C in eq.(7) with respect to a, and multiplication

by P§/2b, yielding

2.2
co 383Pa Gy
GIIC = —--———3——— (8)
26L

A similar compliance calibration technique may be employed by rearranging

eq.(4) for beam compliance with transverse shear such that

3
c. = —=b” (1 + 1.2y + 0.9Y(asL) + 1.5(a/L)3] (9)

SH SEHDh3

where Y = (h/L)d(E11/013), and the compliance of an uncracked beam is

a3
pl
CgH - = 5 (1) (10)
85 .bh
1
Diviaing ¢q.9 by eq.10 yields
Car/CO = A+ A (a/L) + A, (asL)> (1)
si’bsi T B0 T Ay 3
15
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The beam theory with transverse shear would yield A.=1, A1=0.9Y/(1+1.2Y), and

0

A3=1.5/(1+1.2Y). These coefficients may also be determined independently from a

least squares fit of the compliance versus crack length data. Differentiating

eq(11) with respect to a, and multiplying by Pg/Zb yields

+ 3A?(a/L)2 ) (12)

influence of nonlinear behavior

In references [16,18-20], deviations from the linear load-displacement
curve for toughened matrix composites (such as the ASU4/PEEK graphite-
thermoplastic) in the ENF fracture test were attributed to the onset of
subcritical crack growth and inelastic shear response of the material in the
crack tip region. Scanning electron microscope photographs indicate that
interlaminar shear fracture consists of the formation of matrix cracks at U5° to
the original crack followed by a coalescence of these matrix cracks for
extension of the delamination. In brittle matrix composites, such as the
T300/5208 shown in fig.6, there is very little matrix yielding and the formation
and coalescence of these cracks occurs simultaneously. Hence, the load-~
displacement record is linear. However, in tough matrix composites, such as the
ASY/PEEK shown in fig.7, significant matrix yielding occurs during the formation
and coalescence of these matrix cracks. Furthermore, these two events do not
necessarily occur simultaneously, and the load-displacement record is non-
linear.

One econservative approach is tc estimate the mode I[ interlaminar fracture
toughness using the load, P [ at which non-linear response is first observed.

N

In this way, GIIC may bhe thought of as A strain energy releasc¢ rate parameter

16
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for subcritical crack growth. In ref.[(16,18-20], G??c was evaluated by

substituting the initial linear compliance, C, and the load at onset of

nonl inear behavior, PNL’ in the strain energy release rate calculation of eq.(1)
ylelding
2 2
sc 9 PNLa C .
GIIC ] 3 3 (13
2b(2L7 + 3a7)

Similarly, this suocritical fracture toughness may be estimated Dy using PNL in
eq(5) to include the contribution of transverse shear, or in eqs(8 & 12) to

incorporate the compliance calibration information.

Finite Element Analysis

Finite #lement analyses of the ENF specimen have been performed to evaluate
the strain energy release rate for delamination growth [13,15,18,20]. In
ref.i13], a2 two-dimensional plane strain model using 1000 four-noded
isoparametric elarents with 2400 degrees of freedom was used to model the ENF

specimen. The virtual crack clasure technique was used to calculate GI (221].

i

Trne olement size in tne vicinity of the crack was 0.02 oy 0.02 mm ( 0.00079 by

0.00079 in). A nodal! coupling technique implementing multi-point constraints was

use-1 Lo prevent overlapping of c¢rack surfaces. In acdition to the frictionless

case, assumed coefficients of friction Wwere used to estimate friction forces at
FE BT

nodes located on the orack surfaces. The ratio of G}I/C

% was plotted a3z 3

function of normalized crack length, a/L, for two graphite-epoxy ENF specimens
with two different span lengths subjnected to the same applied 1oad. The results

indicated that the deviation in GII between the finite clement analysis and boam

V7




theory was significant at the shorter crack lengths (a/L $§ 0.3). However, if

Gi?/G?? is plotted, the agreement is fairly good over the entire range of cracx

lengths (fig.8).

In ref.[15,18,20]), a2 two-dimensional plane stress analysis using four-noded
isoparametric elements with Gauss numerical integration of order two was used
with the virtual crack extension technique to calculate GII for the ENF
specimen. Elements at the c¢rack tip had dimensions of 0.0127 by 0.0127 mm
(0.0005 by 0.0005 in). The frictionless contact problem was incorporated in the
analysis by connecting duplicate nodes across the crack interface with non-
iinear truss elements with zcro tensile stiffness and infinite compression
stiffness. The finite element results indicated that although the beam theory
expressions for compliance were accurate, the beam theory expressions for GII in
2qs.(1,3,5) may be conservative by 10 to 48%, with the greatest deviation from
beam theory occurring at a/L 2 0.4, Further finite element results were generated
for a wide range of cracx lengths in ref.[20]. As indicated in fig.8, these
recults also showed thiat the finite element values of GII diverged from the beam
theory results for delamination lengths greater than 0.4L.

Recently, a two-dimensional plane strain finite element analysis was
performed to verify if either one of the previous analyses, that yielded
contradi-tory results, was valid {23]. The ENF specimen was modeled using ~ight-
noled, isoparametric elements. The laminate modeled consisted of 24 plies, each
having 4 ply thickness of 0.0055 inches. The span length was three inches, i.e.,

L=1.5 in. Materizl properties typical of a graphite thermoplastic composite were

F. = 15,7 Msi

3 = 1,40 Msi

18
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Figure 9 shows a plot of a typical mesh. Three mesh refinements were performed
by subdividing the square elements at the delamination front into four smaller
square elements of equa. size. Trne element size at the delamination front was
0.1905, 0.09%%, and 0.0476 mm (0.007%, 0.00375, and 0.001875 inches) for the
coarsa, medium, and fine mesnes, respectively. The element size was gradually
increased away from Une delamination front in both directions. The coarse,
medium, and fine meshes nhad 312, 410, and 516 elements respectively.

Initial.y, tne delaminated surfaces Wwere ailowed to deform freely. Results
indizatcd that the delaminated s5urfaces would cross into one another, which s
physicalliy imunssiple. Therefore, the nodes along the delamination front were

constrained to move the same distance in the vertical direction using multi-

polnt constraints. Various z/L ratios between 0.2 and 0.9 were modeled in the

analysis, Thos Wi 1enineved oy snifring the supports and the central load point

by the same mount aleng the mesh, which 1s analagous to snifting the beam in

the three-polnt test fixtare L0 Lest different crack lengths, as was done in the

. compliance calibration testing., Tne crack tip always remained between the
centeral load and the 5om- end support. Compliance values corresponding to the
measured center-polnt {ispiacement for 3 unit central load were calculated for
the threo mesns. Dompliane: valdes converged as the element size decreased

: from the cearse to the fine mesh, The GII values were calculated using the j

Inese 5 values also converged as the clement

virtua, ordack #xtansion melnad, o

sive decreascd fror the 20arse Lo the fine mesh., Furthermore, GII values

caleulated using the goot il cnange in compliance agreed with the GII values

2alealat »d using the oneal virtuil orack closure technique.
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Figure 10 shows GII/P as a function of a/L for the ENF specimen. Good

FE

agreement was observed between the GII

values and the G?? values calculated
using eq.(5). A maximum deviation of 6.7% was observed for a/L = 0.4 (fig.8). A
plane stress analysis was also performed at this crack length using the coarse

mesh. The difference in the plane strain and plane stress values for GII was

only 0.79%. Hence, eq.(5) yields GSH

11 values that are reasonably accurate,

although slightly conservative compared to the finite element results. The small

reduction (between 2% and 5%) in GII attributed to friction on the delaminated

surfaces [14] may eliminate some of this difference. For example, by assuming

that

2
SH -~ FE  3P°
11=G11'ju;2 (s
T

G

then G?? calculated by eq.(5) may represent an accurate value of the mode 11
strain energy releasc rate. Hence, G?? values represent reasonably accurate

calculations of the strain energy release rate over a large range of a/L values

in the ENF test.
RESULTS

Compl iance Calibration

Compliance calibration curves were generated for all three materials
tested. Specimen compliance was defined as the ratio of the center point
defliection to thne out-3f-plane load. Center point deflection was measured by the

JCDT mounted under the specimen (fig.2~3). Compliance was measured from the

20
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slope of the load-deflection plot for each crack length tested. The compliance

calculated using the DCDT-measured deflection was less than the compliance
calculated using the stroke of tne hydraulic ram. Hence, because the compliance
used to calculate GII wAs always calculated using the center point deflection
measured directly from the OCCT, no correction for machine compliance was
necessary. Complianne was measured for delamination lengths from a=0 to a=1.5
inches in increments of 0.1 inches.

The average of the two ¢rack lengtns mezsured from both edges was used to
reduce the compliance calibration data. Furthermore, because calculation of the
slzape is verv soensitive %o errors in crack length measurement, the specimens
used for 2ompllance calibration Lests were split apart and the edge measurements
viere exXaminec for Irane front deviation through the width. A distinet crack
front Wwas visibie on tne fracture surfaces at the transition from the shear
prooortatk Laotne tens e fracture surface created by splitting the tested beam
inte tWwo pieces. Botn of the glass epoxy laminates had relatively straight
delamination fronts. The T30J3/78PI07 laminates had a deviation in delaminstion
Iengtus et en Uhe twn edges of 0,20 and 0.16 inches. One of the ASU4/PEEK
tarmiinets ot v boaiat oo 1n delamination lengths between the two edges of 0.185
noney andd the Sthes Daninite nad 2 stralgnht delamination front.

TS s of catn materoal were used to generate compliance calibration
it 1. Data owere it oto eg.07) using 1 linear least-squares regression analysis.
Figoaeer 0 shows S Jdama oand tne lonear fit to eq.(7) for one specimen of each
Table I [ists the values of the slope, A3. the y-

2
Lot A‘, ant e o moouness o fiv, r, cal-oulated for each test of the
e mat crpal s, I tne Looam theory is accurate, the slope should be 1.5, and

Lne y-intercest sascand e 1, 2f tne thres materials tested, only the ASUH/PEEK

"
(l]
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material had a slope close to 1.5. The T300/BP907 and the S2/5P250 had slopes
that were significantly less than 1.5.

These same data were fit to eq(11) to determine the coefficients A A

Ol 1'

and A3 in the cubic polynomial representation for the compliance of the ENF
specimen with transverse snear incorporated. Table 3 lists the values of these
parameters as determined by the least squares regression analysis. Also listed

in table 3 are values for A A

O’ 1,

and AB' calculated from beam theory with
transverse shear using properties from table 1. As noted earlier in t{hne
regr=ssion analysis, the A3 cceflicient of the (a/L)3 term is less than
anticipated based on beam theory wWwith transverse shear for the two epoxy
materials. Tnhe additional AJ coefficient of the linear (a/L) term, that was not
present in the linear regression analysis, also appears in eq{12) for 3 i Table
3 3nows Lhat these values were also different from those calculated using beam
thecry.

order tc determine the contribution of the roller test fixture

to C, calibration tests were performed on the same specimens using a

rigid knife edge2 support fixture described in ref.[12]. Table 2 lists the values

2 . . .
and r determined from these tests. For the epoxy matrix materials,

of AD' Ay
e GLU0pE, 3 Was Cioser to the Leam theory value of 1.5 for tests conducted on
e more rigld knife odge tixtares, The difforence In slope calculated for the
wwo fixturcs was smail for the graphite-epoxy (T300/BP907), however, the
Jifforenes was signifizant for tne glass/epoxy (S2/5P250). For the
grapnite/tnermoplastiz "AS4PEEK), wnich showed the best agreement with the
theery using tne rollier Toixture, the slope calculated using the knife edge
sunports exceeded the beam thecry value.

A3 4 furtner cheow of the meam Lheory, the axial moduli of the compliance

bion specimons were measured in o a uniaxial tension test using a one inch
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long extensometer as described in reference [12]. These E11 measurements were

compared to Eff values calculated from compliance measurements using eq.(2)

where
3
: 1 1.5(a/
A L Ll (15)
4p(n/L)7C
The Eif values were calculatea f'rom zonpliance measurements for each crack

length, measured in DJ.1-inch ineroments, from C to 1.5 incnes. As shown in fig.

12, E values increased slightly atl the longer crack lengths. An average value

1)

FX Lo o : e . :

of b], over the range of cricy lengths was calculated for eacnh specimen. Table 4

. . - FX .

compares the various meisurements cf B£,,. The E values were considerably less

b 11 R
. AX . . ) .
thdn the 5‘1 valiles, &..n trve mure compliant reller fixture yizlding the lowest

. : . . ~FX AX
valuies, Tatle & ristys the difference in the £ and 511 values for the three
materials. The graphite coumposites had over twenty percent difference in

Torasarod And oaloulatod axial stiffriess, If the tLransverse she i correction is

. . FX
inclua-d in tne flexural compliannae {e2q. 4}, then the estimate of EH becomes
FX Toe Yk (ﬂ/u}j .
By = g (16)

.

T eoond term oin toe denominator reflects the contribution of transverse

FX

511, but only by 4-5%.

srear. Henoe, tnelads g Lrans serse shedar Lneredses
©, the ENF specimens are nobt behaving as the beam theory would predict,
cvoern after the inflien o of transverse shear and test fixture compliance are
1ney s 1,

Examination ~f Lt specimen edges in an optical microscope indicated that

the outermost three [ayers were thicker than the ilaterior plies. This may result

23
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} from resin bleeding from the interior to the top and bottom surfaces during
‘2 cure. This resulting inhomogeneity ylelds surface plies that are tnicker, more
- resin rich, and hence, less stiff than the interior plies. When the laminate is
E loaded in bending, tne specimen appears to be much less stiff than when it is
E loaded in tension, since the outermost plies carry the majority of the load in
. bending. Furthermore, this effect will be slightly different in the cracked and
ﬂz uncracked portion of tne ENF specimens, resulting in a change in compliance with
L
E, crack length that differs from the beam theory predictions. When this occurs, as
_ evidenced by A3 coefficients that are less than predicted by the beam theory
ii {tables ¢&3), the compliance calibration method should bte used to reduce the
2- data
i‘ statie Tests
o Tables 6-8 list the load at delamination onset, PC, delamination length, a,
25 compliance, C, and critical values of GII using the various data reduction
‘E: schemes for the T300/BP307, ASY/PEEK, and S52/SP25C laminates, respectively.
Trese data are summarized in fig.13. Critical values of GII were calculated
asing the measured compllance, crack length, and load at onset of delamination,
S PC, in the beam theory eq.{1). The contribution of transvers~ shear was
" calouliated using E]], G!J' and h from table 1 in eq.(%). For all three
E Taterials, G??F valurs were slightiy 2reater than G?ic values, reflecting the
3 small contribution of transverse shear. Initial compliance values for the
UTLracKed Heam, ﬁﬂ' wore calculited from eq(7) for each specimen tested using
é e measared compliane and craok length along Wwith the coefficients A3 and &O'
2 cirocatarted using the roller fixtures in table 2. Then, G%?C and G??iH values
- Avres caledated from o238 & 12) using appropriate coefficients from tables J&X.
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For all three materials, GIIC vaiues were lower, and hence more conservative,

than the beam theory values calculated with or without transverse shear. The
largest differences occurred for the materials whose slope, A3, deviated the
greatest from the beam theory slope of 1.5 in eq. 7 (table 2).

Table 6 lists results for T300/BP307 graphite-epoxy. As noted earlier, the

CcC . .
G values yielded the lowest, i.e. the most conservative, estimate of

IIc
CCSH

toughness. The GIIc

values were slightly different, indicating the small
contripution due to transverse shear. The three tests run without precracks,
where the delamination was initiated at the insert, yielded the highest apparent
toughness. Because these delaminations started in the resin-rich pocket at the
tip of the insert, tney were not considered to be representative of naturally
occurring delaminations, The tension precracked specimen yielded slightly lower
toughness than the two shear precracked specimens. However, because these
specimens had experienced large tensile deformations at the crack tip, they were
also not considered to be representative of a naturally occurring delamination in
a region of high shear stresses. Therefore, all remaining tests for the three
materials were run on specimens that were precracked in shear, either statically
or cyclically, to obtain a realistic interlaminar shear fracture toughness of

the delaminated composite with shear deformation at the crack tip.

Table 7 lists results for ASU/PEEK graphite-thermoplastic. As shown in
fig.13, there was a significant degree of scatter in the data from these nine
tests. This scatter couid be reduced if the high and low data points were
discarded leaving oniy seven data points. As noted earlier, the G??C vilues
yielded lower, i.e. more conservative, estimates of toughness than the beam

theory values, with or without transverse shear (table 7). However, the A34/PEEK

specimens exhibited significant nonlinear load-displacement behavior before

unstable delamination growth. Therefore, both the beam theory and the compliance
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Fatigue Tests

Tables 10-12 list the cycles to delamination onset, N, maximum cyclic load,

P delamination length, a, compliance, C, and maximum cyclic G

values usin
max’ 1 g

11
the various data reduction schemes for the T300/BP907, S2/SP250, and AS4/PEEK
laminates, respectively. Figures 14-16 show the numbers of cycles to
delamination onset as a function of maximum cyclic G?g level for the three
materials tested. All three materials exhibit significant reductions in critical
GII values for delamination onset with fatigue cycles, with an apparent
threshold value for delamination onset in fatigue as indicated by the plateaus
in figures 14-16. Hence, cyclic loading significantly reduces the critical G

II

for delamination onset. These threshold values of GII may be compared to GIIC

using the ENF test to quantify the degradation in interlaminar shear fracture

toughness due to fatigue.

DISCUSSION
Compliance Calibration
ccC CCSH . . -
Ideally, OIIc and GIIw values for each specimen should be determined using

values of the A3 and A] coefficients measured for each specimen. However, this
would be very time consuming. Tnerefore, all the data were reduced using the
averag: value of tnese coefficients calculated from the two compliance
calibration tests for ecach material listed in tables (2&3), and CO was

determined from 2q(7) using “he measured values of C and a for the particular

test . An alternative would be to measure CO directly for each specimen, while
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still using the average coefficients from just a few compliance calibration

tests.

Static Tests

Because the compliance calibration values are the most conservative for
materials that exhibit linear load-displacement behavior, and because they
represent the actual change in compliance with delamination growth for the
specimens tested, the interlaminar shear fracture toughness is best represented
by G?gc' However, for materials that exhibit nonlinear load-displacement
behavior, as was observed in the ASHU/PEEK static tests or in the residual static
tests on the S2/SP250 following high cyecle fatigue, the interlaminar shear
fracture toughness is characterized most conservatively by G??C values. Because
the growth of a mode II delamination actually corresponds to the coalescence of
small tensile cracks oriented at 45° to the delamination plane in the resin
layer between the plies, then mode II crack growth may be more stable if the
resin toughness is high, or if the material at the delamination front has been
cyclically deformed. Hence, the critical GII for onset of subcritical (i.e.

stable) delamination growth may provide a better, and more conservative, measure

of the interlaminar shear fracture toughness in these cases.

Fatigue Tests

The ENF tests conducted in this study showed a significant, in some cases
an order of magnitude, reduction in the mode II delamination durability of the
three materials studied compared to their static interlaminar shear fracture

toughnesses (fig.14-16). This reduction in delamination resistance during cyclic

28
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loading was also observed in studies conducted using mixed-mode ecdge
delamination tension tests [5-8]. Figure 17 shows the reduction in critical
total G for delamination onset for two edge delamination tension (EDT) layups of
T300/BP307 [7]. The two layups have intermediate and low percentages of mode II,
with the remainder mode I. Also shown in figure 17 are the critical G?? values
for delamination onset (fig. 14) for static loading and for fatigue (with the
same frequency and R-ratio as the EDT tests). The static GC values are different
for the three tests, with the layups having the highest percentage of GII

showing the largest apparent toughness. However, the Gt values are nearly

h
identical for the two edge delamination layups and the ENF specimens. Hernce, the
static toughness of this material will vary with the ratio of mode I and 1I at
the delamination front, but the fatigue threshold depends only on the total G,
independent of the mode ratio.

Figure 18 shows the reduction in critical total G for delamination onset
for a (352/—35&/02’902)3 edge delamination tension (EDT) layup of ASU4/PEEK

[8]. The total G for this layup consists predominantly of tension, G with only

I’

a small shear component, 5. _. Also shown in figure 18 are the critical G

II 11

values from the ENF test for delamination onset in fatigue (fig. 16) under the
same frequency and R-ratio. Aithough these two tests are different in that one
consists of pure interlaminar shear and the other i{s predominantly interlaminar
tensicn, the Gth values are nearly identical. Hence, as was noted earlier for
the T300/BP907 material, the fatigue threshold for the AS4/PEEK appears to
depend only on the total G, independent of the mode ratio.

Previously a linear delamination failure criterion was proposed for

delamination failure under static loads [24]. This criterion had the form
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Figure 19 from reference 24 shows interlaminar fracture toughness data plotted
from the literature for materials with matrices ranging from very brittle to
very tough. Pure mode I data (GIc values) were generated using double cantilever

beam (DCB) specimens and are plotted on the ordinate. Pure mode II data (GIIC

values) were generated using ENF specimens and are shown on the abscissa. Mixed
mode data (GC values) were generated using edge delamination tension (EDT) and
crack lap shear (CLS) specimens, and are plotted at the appropriate coordinates

according to the GI and GII component for each test. For all the materials, the

data fit the linear criterion given by eq.(17). However, for the brittle

materials, like the epoxy matrix materials in this study, GIC << GIIc; whereas

for the toughened matrix materials, such as ASH/PEEK, G was nearly equal tc

Ic

GI[C' Therefore, for the toughened matrix materials, noting that G = GI + GII

and that G, = G/, ., eq.(17) reduces to

G =G (13)

A linear failure criterion similar to eq.(17) may be assumed for

delamination onset under cyclic loading as

G
GI Il

=
“len Soren

However, as indicated in figures 17 and 18, the threshold value for delamination
onset in fAtigue appears to be independent of mode ratio, even for the brittle
epoxy matrix materials where the static toughness is dependent on mode ratio.
Fig. 20 shows the static and fatigue delamination strain energy release
rate data for T300/BPY07. Linear failure criteria are plotted for the static
interlaminar fracture toughness and fatiguse threshold between the predominantly

30

RGN ‘1-'._~:._-'._~- o T PPN AL PR e Ty
N S R Ay, AE A N N I I AP T SR S A AP O AR SRR ST UIP S AT S S S N N Sk

PR, P PR, i o T G T\




LN

LS S e

4
.t

". '.- {- ". '—-

T
- »
[T A IS

- ga . s - - . P A 2 b B n e i A " .
e A iR AR A L S o Pa S N T T, AR AR - Y. A LA el & - - % Ya i)

mode I (EDT) and mode II (ENF) toughness values. The fatigue envelope is lower
than the static envelope, with the greatest apparent reduction occurring for the
pure mode II1 tests as indicated in figure 17. The static envelope is skewed
because G_ << G » whereas the fatigue envelope approaches a 45° line

Ic IIc

reflecting the near equality of the threshold values of GI and GII' Therefore,
for the brittle epoxy matrix composites, the fatigue delamination criterion of

eq.119) simply reduces to

G =G (20)

Fig. 21 shows the static and fatigue delamination strain energy release
rate data for AS4/PEEK. Linear failure criteria are plotted for the static
interlaminar fracture toughness and fatigue threshold between the predominantly
mode I (EDT) and mode II (ENF) toughness values. The fatigue envelope is lower

than the static envelope, with the greatest apparent reduction occurring in pure

SC
IIc’

fatigue envelope approaches a 45° line reflecting the near equality of the

mode Il tests. The static envelope is skewed because GIc<< G whereas the

threshold values of GI and GII‘ Therefore, the fatigue delamination criterion of

eq.(20) may apply for the tough ASU/PEEK composite as well as for the epoxy
matrix composites. However, several inconsistencies in AS4/PEEK data have been
noted in the literature [8). This may be illustrated by comparing the data in

figures 19 and 21. The static toughness data for PEEK composites shown in fig.19

indicate that a total G criterion should apply for this material, i.e., GIC =

However, the data in fig. 21 indicates that GIc< G . The G value in

GIIC' 1lc IIc

fig. 19 was calculated using ENF specimens that exhibited unsatable propagation

sC

from a tensile precrack. This value is similar to the GIIC

values reported in

this study using ENF specimens with shear precracks. However, the GIC value
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extrapolated from the predominantly mode I EDT layup is lower than the GIC value
in fig.19 that was measured from DCB tests. This difference is minimized if the
influence of residual thermal stresses to G in the EDT test are included in the
data reduction [8,25]; however, this would also increase the apparent Gth for

this predominantly mode I case cver the G measured in this study using the

IIth
ENF test, which is difficult to rationalize physically. Because of the many
variables that may influence toughness for the semicrystalline PEEK
thermoplastic matrix composites, a detalled study should be conducted using a

variety of tests on panels of this material as it is currently produced to fuliy

characterize the toughness of AS4/PEEK.

Residual Static Tests

The degradation in residual GIIC values for S2/5P250 laminates after 106
cycles (tables 8&9) indicates that matrix damage was created at the delamination
front even though no coalescence occurred resulting in delamination growth.
These data would suggest that delamination growth might occur at very long
fatigue lives, perhaps on the order of 107 to 109 cycles. In some composite
structures, such as helicopter rotor blades and hubs, these long lives are very
common. Hence, for very long term durability, the Gth values measured at 106
cyrcles may be unconservative, Testing for delamination onset after 107 or more
cycles is needed to confirm this perception. This long term testing may be very
time consuming and costly. However, the flatness of the Gmax versus cycles

curves between 105 and 10b cycles (fig.14-18) suggests that Gth values wiil

probably decrease very little beyond 106 cycles.
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CONCLUSIONS

Based on the analysis and reduction of test data for the materials tested

in this study, the following conclusions were reached:

1) Finite element analysis of the end-notched flexure (ENF) specimen

3)

indicates that the beam theory calculation for GII with the transverse

shear contribution included is reasonably accurate over the entire range

of c¢rack lengths. These G?? values are slightly conservative compared to
the finite element results, but the difference is minimal when the
contribution of friction is included with the finite element results.
Hence , GSH

1 values represent reasonably accurate calculations of the

strain energy release rate associated with interlaminar shear in the ENF

test.

ENF specimen compliance measurements, and the variation in compliance
with delamination length, for the materials tested differed from the
beam theory. Tnis difference was attributed to the variation in ply
thickness, and hence the variation in fiber volume fraction, through the
thickness of the ENF specimens. For the materials tested in this study,
the axial stiffness estimated from flexural tests was consistantly lower

than values measured on the same ENF specimens in axial tension tests.

For the materials that exhibited linear load-deflection behavior in the

ENF three-point bending test, GIIC values determined from compliance
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calibration measurements provided the most conservative and accurate

estimate of interlaminar shear fracture toughness.

4) Cvelic loading significantly reduced the critical GII for delamination
onset. The maximum cyclic GII level below which no delamination was
observed after 106 cycles, i.e., the threshold cyclic GII for
delamination in fatigue, was determined for the three materials and

was compared to the static G using the ENF test to quantify the

Ilc

degradation in interlaminar shear fracture toughness due to fatigue.

5) Toughened matrix materials, and brittle matrix materials that underwent
low-load/high-cycle fatigue loading, exhibited nonlinear load-

displacement behavior in the ENF test. For these cases, calculated

GII
using the load at deviation from linearity may provide a more accurate

and conservative estimate of the interlaminar shear fracture toughness.

6) Although a linear mixed-mode failure criterion is needed to characterize
the static interlaminar fracture toughness of some composite materials,
a total G threshold criterion appears to be sufficient for
characterizing the fatigue delamination durability of composite

laminates with a variety of static toughnesses.
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TABLE 1 - Material Properties

......

Material E11, Msi E22. Msi G12, Msi Vis oh, in. h'E, 7G5 Ve, 8
S2/5P250 6.31 2.50 0.60 0.25 0.2270 0.1355 49.5
T300/BP907 17.11 1.20 0.83 0.29 0.1505 0.1167 56.3
ASU4/PEEK 21.23 1.50 0.67 0.37 0.1243 0.1224 61.7

TABLE 2 - Compliance Calibration Data
-~ 3
C/b0 = AO + A3(a/L)
Roller Fixture Knife-Edge Fixture Beam Theory
. 2 2
Material Spec . # A3 AO r A3 Ao r A3 AO
S2/5P250 255~ 6 1.151 1.003 .999 1.226 1.000 .989 1.50 1.0
255-17 1.230 .983  .990 1.408 1,000 .998
AVG. 1.191 1.317
T300/B8P907 0-2-11 1.313 1.012 .999 1.316 .99t .996 1.50 1.0
0-2-9 1.296 1.036 .992 1.318 .994 .997
AVG. 1.305 1.317
ASU/PEEK 3-20 1.Lué .991 .99 1.801 1.007 .997 1.50 1.0
3-19 1.482 1.002 .995 1.540 1.004 .997
AVG. 1.464 1.671
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TABLE 3 - Compliance Calibration Data

CSH/

Roller Fixture

0

CSH

= A

+ A1(a/L) + A

3

(a/L)3

Beam Theory & Shear

A

A

A A

A A

3 1 0 3 1 0
S2/5P250 255- 6 1.140 .0113 1.000 1.399 0.839 1.000
255-17 1.338 -.1199 1.014
AVG. 1.239 -.0543 1.007
T300/BP907 0-2-11 1.259 .0606 0.996 1.412 0.847 1.000
0-2-9 1.101 .2160 0.980
AVG. 1.180 .1383 0.988
ASY/PEEK 3~-20 1.527 -.0905 1.014 1.408 0.845 1,000
3-19 1.511 -.0324 1.011
AVG. 1.519 -.0615 1.013
TABLE 4 - Comparison of Measured Axial Moduli with Values from Flexural
Compliance
FX AX
E11, Msi E11, Msi
Material Spec.# Roller Fixture Knife-Edge Fixture Tension Test
S2/5P250 255- 6 5,42 5.95 5.83
255-17 5.56 5.92 6.79
AVG. 5.U49 5.94 6.31
T300/8BP907 0-2-11 12,44 13.38 17.2%
0-2-9 12.2 13.59 16.97
AVG 12.32 13.48 17.11
ASL/PEEK 3-20 15.76 15.64 22.76
3-19 15.45 16.06 19.70
AVG. 15.61 15.85 21.23

TABLE 5 - Difference in Measured and Calculated Axial Modulus

(EAX - EFX) y EAX
" " 11
Material Roller Fixture Knife-Edge Fixture
S2/8P250 0.130 0.059
T300/8BP9O7T 0.280 0.212
AS4/PEEK 0.265 0.253

IR S S
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TABLE 6 - Static ENF Data for T300/BP907

Fracture Toughness, in-lb/in2

Al
. : . BT SH CcC CCSH
4 -
{ Spec.# a, in. C, in/lb Pc,lbs. Co,ln/lb GIIC GIIc GIIC GIIC gggck
¥ 1-2-3 0.80 1.67x10:3 430 1.39x10:ﬁ 10.73 11.13 9.56 9.50 shear
y 1-2-8 0.70  1.70x10_, 420 1.50x10_, 8.50 8.91 7.52 7.75 shear
1-2-9 0.80 1.88x10_u 355 1'57X10—N 8.23 8.54 7.33 T7.29 ten.
. 0-2-8 1.00 2.Oux10_u 375 1.47x10_u 13.24 13,55 12,00 11.45 none
: 0-2-6 1.10  1.71x10_, 390 1.13x10_,  13.18 13.44 12,04 11.39 none
N 1-2-5 0.80 1.70x10 us0 1.42x10 11.97 12.40 10.66 10.59 none
k TABLE 7 - Static ENF Data for AS4/PEEK
- 2
. Fracture Toughness, in-1lb/in
load, 1lbs.
. . —_ BT SH CC CCSH SC SCSH
Spec.# a, in. C, in/lb Pc PNL GIIC GIIC GIIC GIIC GIIC GIIC
. 3-6 0.65 2.94x10:3 355 330 9.30 9.84 9.09 8.85 7.86 7.65
. 3-10 0.50, 2.25x10_, 383 348 7.23 7.72 7.06 6.78 5.83 5.59
, 3-4 1.00 3.32x10_u 335 295 17.20 17.62 16.89 17.16 13.10 13.31
. 3-4 0.85* 3.13x10_u 356 310 15.01 15.52 14,71 14,79 11.15 11. 21
. 3-12 1.10 2'95X‘°—u 319 260 15.22 15.52 14,97 15.27 9.94 10.14
3-12 1.05 2.63x10_u 355 315 16.09 16.44 15,81 16.10 12.45 12.68
3-12 1.00 2.5Mx10_u 340 305 13.55 13.88 13.31 13.53 10.71 10.88
3-9 0.80 2.33x10_u 615 255 30.63 31.80 30.00 29.99 5.16 5.16
3-7 0.60 2.42x10 503 300 13.41 14,32 13.10 12.57 4,16 4.47
AVG. 15.29 15.85 14,99 15,00 8.98 9.01
¥ Cyclic Shear Precrack
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TABLE 8 - Static ENF Data for S2/SP250
: Fracture Toughness, in—lb/in2
~ . . . BT SH cC CCSH
Spec.# a, in. C, in/lb Pc,lbs. Co,lnllb GIIC GIIC GIIC GIIC
" 255-20  0.85 1.60x1o:ﬂ 306 1.31x10:3 5.66 5.87 4.76  4.95
- 255-20  0.90  1.42x10_, 363 1.13x10_, 7.64 7.89 6.38 6.66
. 255-20  0.95  1.46x10_, 357 1.12x10_, 8.09 8.33 6.81 7.08
A 255-18  0.60  1.18x10_, 680 1.10x10_, 11.99 12.89 9.69 10.80
- 255-17  0.60  1.25x10_, 505 1.16x10_, 6.98 7.51 5.64  6.31
- 255-6 0.60 1.19x10_ 530 1.11x10_, 7.31 7.86 5.91 6.62
i 255-19  0.60  1.21x10_, 510 1.12x10_, 6.89 7.40 5.56 6.23
- 255-10  0.60  1.20x10_, 522 1.12x10_, 7.16 7.70 5.78  6.47
" 255-3 0.60 1.20x10 496 1.12x10 6.47 6.95 5.22 5.84
o AVG. 7.58 8.05 6.19  6.77
-
s
;fi TABLE 9 - Residual Static ENF Data for S$2/SP250
b~ .
Fracture Toughness, in-lb/inz
load, 10s. ~ ™"BF— SH  CC  .CCSH .SC .SCSH
@ Spec.# a, in. C, in/lb Pc PNL GIIC GIIC GIIC GIIC GIIC GIIC
3 2558 0.90 1.4ix10_, 340 270  6.79 7.02 5.67 5.93 3.58 3.74
N 255-16  0.90  1.28x10_, 372 255 7.22 7.42 6.04 6.31 2.84 2.96
- 255-4 0.65  1.37x10_, 366 300 .61 4.90 3.74 4,11 2.51 2.76
- 255-9 0.70  1.33x10 365 300 5.02 5.30 4.10 L4.44 2,77 3.00
AVG. 5.91 6.16 4.89 5.20 2.92 3.12
)
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TABLE 10 - Fatigue ENF Data for T300/BP907

GIImax , in-lb/in2
. BT _.SH ccC CCSH
Spec.# a, in. C, in/lb Pmax,lb. GII GII GII GII Cycles N
0-4-9 1.08 2.00x1o:3 250 6.23 6.36 5.68 5.38 280
0-4-8 0.75 1.77x10_u 260 3.65 3.80 3.24 3.27 490
o-4-4 0.95 1.71x10_u 200 2.98 3.06 2.59 2.58 10, 140
0-u-2 1.18 2.2Ox10_u 150 2.66 2.70 2.44 2.30 1,745
0-4-3 0.90 2.00x1o_u 170 2.36 2.43 2.12 2.05 7,900
0-4-7 0.85 1.70x10_, 170 1.86 1.92 1.67 1.63 18,830
0-2-5 0.97  2.10x10_, 130 1.58 1.62 1.43  1.37 23,400
0-4-11 0.65 2.OOx1O_u 160 1.29 1.36 1.13 1.20 28,100
0-2-6 0.80 1.8Ox1o_u 140 1.2 1.27 1.09 1.09 37,240
0-2-11 1.00 Z'OOX1O-M 10 1.12 1.14 1,01 0.97 331,850
0-2-8 1.00 2.12x10_u 100 0.98 1.00 0.89 0.85 562,200
0-2-9 0.90 2.25x10 g0 0.74 0.77 0.67 0.65 >1,000,000
TABLE 11 - Fatigue ENF Data for S2/SP250
GIImax' in-lb/inz
. : BT .SH .CC CCSH
Spec.# a, in. C, in/lb Pmax,lb. GII GII GII GII Cycles N
255-15 1.00 1 50x10:3 1560 1.56 1.60 1.32 1.36 13,500
255-15 0.95 1 52)(10_u 150 1.49 1,54 1.25 1.30 16,800
255-14 0.90 1 1&2x10_u 170 1.67 1.72 1.40 1.46 19,000
255-11 0.60  1.18x10_, 2uu 1.53 1.65 1.50 1.39 300,000
255-8 0.90 1.U1x10_u 160 1.47 1.52 1.23 1.29 >1,000,000
255-2 0.90 1 50x1O_u 160 1.57 1.6t 1.3t 1.37 >1,000,000
255-16 0.90 1 U3x10_u 150 1.31 1.36 1,10 1.15 >1,000,000
255-4 0.65 1 29x10_u 150 0.73 0.78 0.59 0.65 >1,088,000
255-7 0.80 1.33x10_, 140 0.91 0.94 0.75 0.79 >1,000,000
255-9 0.70 1.48x10 145 0.88 0.93 0.72 0.78 >1,550,000
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TABLE 12 - Fatigue ENF Data for AS4/PEEK

4 . 2
) GIImax' in-1b/in “
) . . BT SH CcC CCSH '
Spec.# a, in. C, in/lb Pmax'lb' GII GII GII GII Cyeles N
3-22 0.60 2‘35)(10:3 332 5.68 6.07 5.55 5.32 550
3-15 0.60 2.3Nx10_u 257 3.39 3.62 3.3v 3.17 L
3-17 0.60 2'29)”0-14 182 1.66 1.77 1.62 1.56 30,000
N 3-11 0.60 2.33x10_u 133 0.90 0.97 0.88 0.85 Tan, N
N 3-13 0.60 2.25x10 125 0.77 0.82 0.7% 0.712 >V, 000,00
' 4
)
'
{
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